To study the population genetic structure of Pseudomonas aeruginosa, we developed a multilocus sequence typing scheme. The sequences of internal fragments of seven housekeeping genes were obtained for 34 P. aeruginosa isolates from patients hospitalized in five different European cities. Twenty-six different allelic profiles were identified. The mean allelic diversity was 0.854 (range: 0.606-0.978), which was about six times greater than the results obtained with the multilocus enzyme electrophoresis method. Linkage disequilibrium was measured with the index of association. An index of 1.95 ± 0.24 was calculated when all the strains were considered. This index was 1.76 ± 0.27 when only one strain per sequence type was considered. Both results were different from 0, indicating linkage among loci, which means that the population structure of our set of P. aeruginosa isolates is clonal. The clonal structure of the population was also suggested by the congruence of the topology of the different trees obtained from the seven housekeeping genes. These results are in contrast to previous studies, finding a non clonal population structure. Since a small number of isolates was analyzed in this study, there might be a bias of selection which includes the possibility that they belong to widely disseminated epidemic clones. Another possibility is that recombination did not occurred homogeneously throughout the genome of P. aeruginosa, so that part of it has a clonal structure, while the remaining part of the genome is more frequently subject to recombination.
Introduction
Pseudomonas aeruginosa is an organism found ubiquitously in nature, especially in aquatic habitats, but it is also found as part of the normal bacterial flora of humans and animals. As an opportunistic pathogen, P. aeruginosa infects a host when local or general defense mechanisms are impaired [1, 2] . It is responsible for infections in cystic fibrosis persons, in immunocompromised persons, and in hospitalized burned and/or ventilated patients.
Population genetic studies are important for understanding the evolution of a microorganism. They allow analysis of the structure and dynamics of a given population, and the impact of genetic recombination on the structure of the population [3] . Furthermore, genetic diversity and phylogenetic divergence of relevant properties of a microorganism, such as virulence factors or drug resistance, can be analyzed. To date, the population genetics of P. aeruginosa have not been extensively studied. Recent studies suggest a panmictic-epidemic population structure of P. aeruginosa. The analysis of six sequences in 19 isolates showed that an index of association calculated with all the isolates was greater than if each genotype was considered as a unit [4] . In another study, the analysis of the diversity of 11 metabolic enzymes by multilocus enzyme electrophoresis (MLEE) has been performed [5] , and a panmicitic-epidemic population structure was also assumed. More recently, Pirnay et al. [6] analyzed 73 isolates by comparing the sequencing results of three outer membrane genes with the results of one DNA-based and two phenotypic typing methods. They observed no congruence between the results obtained by each method, but showed the existence of clonal complex, suggesting that the population structure of P. aeruginosa is panmictic-epidemic. The strength of their study is that a large environmental and human collection of isolates from all over the world was investigated. However, these studies might have been biased by methodological approaches and experimental design: small samples of isolates [4] , or focused on a small geographical region or on a specific pathology, analysis of loci that are not house keeping genes [5, 6] . In the present study, we report the set up of a multilocus sequences typing (MLST) scheme for P. aeruginosa, using seven housekeeping genes, and the analysis of 34 P. aeruginosa clinical isolates obtained from five European hospitals.
Material and methods

Bacterial strains
All strains, except one, were recovered from hospitalized patients. Nine strains were obtained from patients hospitalized in the intensive care units of the University Hospital of Geneva (Switzerland); the nine strains were shown to belong to different genotypes by Random Amplification Polymorphism Analysis (RAPD) and Pulsed Field Gel Electrophoresis (PFGE) typing [7] . Fourteen strains were selected to represent the diversity of 66 P. aeruginosa isolates of Swiss hospitals during a previous investigation using ribotyping [8] . In addition, seven strains from a Roman hospital (Italy), three strains from cystic fibrosis patients from a London hospital (United Kingdom), and the reference strain PAO1 were obtained from the Laboratory of Microbial Biology of the University of Lausanne (Switzerland). These isolates were known to have no epidemiological link between them.
Preparation of chromosomal DNA
An overnight culture was diluted to obtain a turbidity of 0.8 MacFarland (corresponding to 10 7 cells/ml). Chromosomal DNA was extracted from 1 ml of this dilution using the DNeasy Extraction Kit (Qiagen AG, Basel, Switzerland). DNA concentration was measured by spectrophotometry at 260 and 280 nm.
Multilocus sequence typing
Among the 18 loci analyzed in a study using MLEE [9] , the seven most polymorphic loci were selected for MLST. The nucleotide sequences of these loci were found for the reference strain PAO1 (www.pseudomonas.com). Primers were selected for amplification of 300-400 bp gene fragments of all seven loci using the ''Primer 3'' program (www-genome.wi.mit.edu/cgi-bin/ primer/primer3.cgi/primer3_www.cgi). The seven loci, their coding enzyme, the primers used (forward and reverse), and the positions of the analyzed sequences on the PAO1 genome were as follows: aroE ( As the first and the last bases of the amplified sequences are always difficult to determine, the sequences retained for analysis were shortened at the beginning and the end.
PCR conditions for all amplification reactions were as recommended by the manufacturer (Qiagen): initial denaturation at 95°C for 15 min (activation of the HotStar Taq DNA polymerase); 35 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and final extension at 72°C for 5 min. Reactions were performed in 25 ll volumes containing 10 pmol of each primer, 1.9 mM MgCl 2 , 0.2 mM each dNTP, 0.625 Units of Taq DNA polymerase (Hot Star, Qiagen), 1 ng of bacterial DNA, and 1· PCR Buffer. Concentration of MgCl 2 has previously been optimized using a gradient of different concentrations.
PCR products were sequenced bidirectionally using a Big Dye Terminator DNA Sequencing Kit (PerkinElmer Applied Biosystems, Rotkreuz, Switzerland) in an ABI PRISM 310 automatic sequencer (Perkin-Elmer Applied Biosystems).
Analysis of the nucleotide sequences
The different sequences of a locus were given each an allele number, and each combination of alleles was assigned a sequence type (ST). For each allele that was found in only one strain, amplification and sequencing were repeated to confirm the identification. The analyzed sequences of this study are accessible on the EMBL web site (www.ibi.ac.ik/embl/). Accession Numbers for alleles 1-7 of aroE are AJ698013 to AJ698019, respectively; for alleles 1-6 of nucP, AJ698020 to AJ698026; for alleles 1-10 of adhA, AJ698003 to AJ698012; for alleles 1-14 of xdhB, AJ698026 to AJ698039; for alleles 1-17 of bdhA, AJ697986 to AJ698002; for alleles 1-6 of mtlD, AJ6 97980 to AJ697985; and for alleles 1-8 of aph, AJ697 709 to AJ697716.
Computer analysis of MLST data
Allelic diversity was calculated for each locus with the
, where n is the number of sequence types and x i is the frequency of the ith allele. The Index of Association (I A ) was used to test for linkage disequilibrium between alleles at the seven housekeeping loci. The observed variance in the distribution of allele mismatches in all pair-wise comparisons of the allelic profiles was compared to that ex- . Arizona State University, Tempe, Arizona, USA) was used to construct genetic trees with the Tamura-Nei distance method [10] and the neighbor-joining (NJ) clustering method [11] . The reliability of internal branches was assessed by bootstrapping [12] , with 1000 pseudo-replicates. Genetic distances (using the Tamura-Nei distance method) and sequence statistics (base composition, percentage of variable and parsimony informative sites, transition/ transversion ratios) were also determined with MEGA.
Results
Analysis of sequences and allelic diversity
The alleles of the seven sequences of the studied P. aeruginosa population are available on the EMBL web site (www.ibi.ac.ik/embl/), accession number are indicated in Material and Methods. All the seven sequences of the strain PAO1 were identical to those published on the web site (www.pseudomonas.com/ index.html). The percentage of variable sites (number of sites that show variation in the different alleles) varies from 2.1% to 6.6%, and the number of parsimony informative sites from 6 to 22. As the percentage of GC was between 65% and 70% and the ratios of transition on transversion were generally >1, we used the model of Tamura-Nei for the reconstruction of dendrograms. The Jukes-Cantor model [13] was also tested for the locus nucP, which shows a transition/transversion ratio of 0.8; the genetic distances were not different (mean 0.009, range 0-0.025), and the topology of the tree did not change (data not shown). The number of alleles per loci ranged from 6 to 17 (mean 10), and the genetic diversity h from 0.606 to 0.978 (mean 0.854).
Despite repeated attempts, the sequences of loci mtlD and aph could not be amplified for 3 (number 5, 16, and 22) and 1 strains (number 26), respectively. For mtlD, a second set of primers was designed 30-50 bp outside the amplified region; however, no amplification was obtained with these new primers. The absence of amplification at the mtlD loci was observed in three strains that showed a great degree of sequence similarity in the other six loci (see below and cluster § in Fig. 1) . Thus, the absence of amplification was considered a null allele. Comparison of the allelic profiles identified a total of 26 sequence types (STs), among which five STs contained 2-4 strains, and the remaining 21 STs were represented by a single strain (Table 1, Fig. 1 ).
Phylogenetic analysis
The model of Tamura-Nei was used to construct neighbor-joining (NJ) trees for each locus (Fig. 2) consensus dendrogram was constructed with the genetic distance and the UPGMA clustering method (Fig. 1) . Visual analysis of these trees showed that four clusters of 3, 3, 5, and 5 strains were differentiated in most of the loci trees ( Figs. 1 and 2 ). This congruence between trees suggests linkage disequilibrium, which is indicative of a clonal population structure. The differences in the topology observed in the dendograms might be partly explained by the relatively low variability recorded in the seven genes analyzed (range 2.1-6.6).
Index of association
Analysis of all 34 strains revealed an I A of 1.95 (standard error 0.24). Thus, I A is significantly different from 0, suggesting linkage disequilibrium in the population. It is unlikely that the presence of null alleles in four of the strains might have increased the index of association. For three of the strains, the absence of the allele could be considered a character of the cluster, as the strains were also well clustered at the other loci (Fig. 1) . Nevertheless, the I A was also calculated without these four strains yielding a value of 1.704 ± 0.248, which is not significantly different from the previous value (1.95).
To determine if the population structure was epidemic, analysis of I A with STs as the unit was performed, and a value of 1.76 (standard error 0.27) was obtained. Taken altogether, these results confirm the clonal population structure of the set of 34 P. aeruginosa strains, that was indicated by the congruence of the trees.
Discussion
MLST provided better discriminatory data than MLEE. Indeed, considering the same loci that were investigated with MLEE on a collection of 314 P. aeruginosa isolates, C. Martin et al. [9] obtained a mean number of three alleles per loci and a mean genetic diversity of 0.278. In another study using several different isoenzymes, other authors obtained a mean of 4.1 alleles per loci and a mean diversity of 0.357 [5] .
The absence of amplification observed in two loci was not a proof of the absence of the gene in the analyzed strains. However, for the purpose of the population genetic analysis, we considered that the allele was null at that locus. Indeed, similar situations were regularly encountered with MLEE analysis: when no coloration of an isoenzyme was observed for one strain, it was considered as a null allele.
Based on data obtained from the ''gold standard'' method for population genetics analysis, i.e., MLST, our results suggest a certain amount of linkage disequilibrium in the population of P. aeruginosa. Since beginning this study, several other studies have been published, all favoring a nonclonal population structure.
Lomholt et al. [5] , using MLEE data, obtained an I A value close to zero when analyzing 145 isolates from different origins. From the MLEE data of Martin et al. [9] on isolates from cystic fibrosis patients in France, we were able to calculate an I A value of À0.07 ± 0.33, also suggesting a nonclonal population structure. However, due to the reduced amount of informativity using MLEE, compared to MLST, the risk of homoplasies in the dataset is higher and might therefore increase the evidence for recombination.
The same conclusion was also drawn by Ruimy et al. [14] when they studied 74 P. aeruginosa isolates from patients with pneumonia or bacteremia and from the environment (rivers and lakes) with another typing method (RAPD). The only study using MLST was performed by Kiewitz et al. [4] . They studied 19 isolates from environmental and disease origins and showed that the frequency of recombination among different P. aeruginosa genotypes was high (I A not significantly different from zero). They also found that dominant clones were ubiquitously distributed in both disease and environmental habitats. As the MLST scheme performed by Kiewitz et al. was different to our MLST scheme (different loci were investigated), it was not possible to compare their data with the data obtained in the present study.
Geographical dissemination of clones could account for some of the clonal structure observed in our study. Indeed, all the strains in one cluster were isolated in the same hospital during the same period of time, except the reference PAO1 strain. These strains were nevertheless identified as genetically different with two other molecular typing methods (PFGE and RAPD) [7] . However, the other three clusters included strains that were recovered from at least two European cities, at different periods of time, and were clustered separately in most of the loci trees (the ''robust'' example is cluster §, which is identified in all trees with high bootstrap values). These clustering data could not be compared to other typing data, as not all the strains were typed by one of these methods in the early studies [8, 7] . Another possibility might be that our strains were collected only from clinical origins. However, none of the above mentioned studies, which all included clinical isolates, showed an association of specific clones and their clinical origin. Moreover, in the study of Martin et al. [9] with a collection of strains that was geographically and clinically less diverse than our collection (cystic fibrosis patients from France), a nonclonal epidemic population structure was observed. Another theory is that our small selection of strains includes only strains from widely disseminated epidemic clones. However, considering the origin of our collection of strains, we were not able to suspect any bias in their selection. Nevertheless, the selection of isolates and the selection of the method used to analyze them is important. No clear criteria are defined for the selection of isolates that will be used for the analysis of the popu-lation genetic structure of a microorganism. Whereas for taxonomic purposes, a small number of isolates per taxonomic unit are requested [15] , for population structure analysis, large collection are probably needed in order to cover all the different geographical, environmental and pathological niches of the species. In light of these statements, we cannot exclude a bias of our finding due to the limited number of strains in our dataset. However, since our collection of strains was as diverse as possible and all other potential sources of biases were excluded this seems unlikely. Another theory to explain our finding could be that the part of the genome of P. aeruginosa containing the metabolic enzyme loci analyzed in our study, has a clonal structure, while the remaining part of the genome is more frequently subject to recombination and therefore indicates a panmictic-epidemic structure.
Further studies, which encompass a great number of a wide variety of strains, are needed to understand these discrepancies in the population genetics of P. aeruginosa. For that purpose, we must be able to compare data from different studies which include strains from different origins. Unfortunately, to date there is no international typing database on P. aeruginosa. Such a database would have to be based on a typing method that accurately characterizes each strain. Sequence data are unambiguous and can readily be compared between laboratories. Therefore, MLST would be the method of choice for such investigations [16, 17] .
